The need to generate power from renewable sources to reduce demand for fossil fuels and the damage of their resulting carbon dioxide emissions is now well understood. Wind is among the most popular and fastest growing sources of alternative energy in the world. It is an inexhaustible, indigenous resource, pollution-free, and available almost any time of the day, especially in coastal regions. As a sustainable energy resource, electrical power generation from the wind is increasingly important in national and international energy policy in response to climate change. Experts predict that, with proper development, wind energy can meet up to 20% of US needs. Horizontal Axis Wind Turbines (HAWTs) are the most popular because of their higher efficiency. The aerodynamic characteristics and vibration of small scale HAWT with various numbers of blade designs have been investigated in this numerical study in order to improve its performance. SolidWorks was used for designing Computer Aided Design (CAD) models, and ANSYS software was used to study the dynamic flow around the turbine. Two, three, and five bladed HAWTs of 87 cm rotor diameter were designed. A HAWT tower of 100 cm long and 6 cm diameter was considered during this study while a shaft of 10.02 cm diameter was chosen. A good choice of airfoils and angle of attack is a key in the designing of a blade of rough surface and maintaining the maximum lift to drag ratio. The S818, S825 and S826 airfoils were used from the root to the tip and 4˚ critical angle of attack was considered. In this paper, a more appropriate numerical models and an improved method have been adopted in comparable with other models and methods in the literature. The wind flow around the whole wind turbine and static behavior of the HAWT rotor was solved using Moving Reference Frame (MRF) solver. The HAWT rotor results were used to initialize the Sliding Mesh Models (SMM) solver and study the dynamic behavior of HAWT rotor. The pressure and velocity contours on different blades surfaces were analyzed and presented in this work. The pressure and velocity contours around the entire turbine models were also analyzed. The power coefficient was calculated using the Tip Speed Ratio (TSR) and the moment coefficient and the results were compared to the theoretical and other research. The results show that the increase of number of blades from two to three increases the efficiency; however, the power coefficient remains relatively the same or sometimes decreases for five bladed turbine models. HAWT rotors and shaft vibrations were analyzed for two different materials using an applied pressure load imported from ANSYS fluent environment. It has proven that a good choice of material is crucial during the design process.
Introduction
With the global energy demand rising to unprecedented numbers, there is an obvious need to generate power from renewable sources to reduce the greenhouse gas emissions and achieve the U.S department of energy future goals of wind energy (20% wind energy by 2030, and 35% by 2050) [1] . Renewable energy sources include wind energy, solar energy, tidal energy, geo-thermal energy, and biomass energy. Wind is among the most popular sources of alternative energy because it is pollution free and available almost any time of the day, especially in the coastal regions [2] . Winds are commonly classified by their spatial scale, their speed, the type of forces that cause them, the regions in which they occur, and their effect. Winds have various aspects, an important one being its velocity; other aspects are the density of the gas involved and the energy content or wind energy [3] .
The two primary types of wind turbine are horizontal axis wind turbine (HAWT) and vertical axis wind turbine (VAWT) [4] . Horizontal axis means the rotating axis of the wind turbine is horizontal, or parallel to the ground. In the vertical axis wind turbine, the rotating axis of the wind turbine stands vertical or perpendicular to the ground. HAWTs are the most popular configuration because they have higher efficiency [5] . In a HAWT the generator converts directly the wind which is extracted from the rotor. HAWT are conventional wind turbines and unlikely the VAWT are not omnidirectional [5] . They must have some means for orienting the rotor with respect to the wind.
Leithead et al. [6] studied dynamics of variable speed wind turbines and design
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of models to control wind turbines. The purpose of this study was to investigate the dynamics of variable speed wind turbines and determine suitable models to support the control design task. Murtagh et al. [7] investigated control wind turbine vibration by incorporating a passive control device. A passive control method using a tuned mass damper to mitigate vibrations of the blades and tower of a wind turbine was introduced. Ashwani K. et al. have done structural and Modal analysis of Al 2024 wind turbine blade designed based on FEA [8] . Their analysis results show that the maximum deformation occurs at tip and the stresses are very less for Al lightweight materials.
Duque et al. [9] explored the ability of various methods to predict wind turbine power and aerodynamic loads. Results showed that all the methods, namely blade element momentum (BEM), vortex lattice, and Reynolds averaged Navier Stokes (RANS), perform well for pre-stall regimes. They found that the RANS code OVERFLOW, although not perfect, gives better predictions of power production for stall and post stall regime modeling than other methods. The combination of three methods has been used by [10] to test the performance of three HAWT blade shapes. They concluded that the wind tunnel test results show that the OPT and the UOT blades obtain the same maximum power coefficient (Cp = 0.428) but at different tip speed ratio points. The UUT blade obtains the lowest Cp value because it almost always operates in stall conditions. D. S. Li et al. [11] performed the field experiment and numerical simulation methods to test the pressure distribution on a 33 KW HAWT. They noticed that the closer to the root of blade the more consistent to the experimental results of the blade pressure. Ece Sagol et al. [12] performed the icing simulation method on wind turbine blades to the data representing the wind flow field. This method consists of creating a wind turbine model using Computer Aided Design (CAD) software followed by using ANSYS-FLUENT software to simulate the model. C. J. Bai et al. [13] designed a horizontal axis wind blade of 10,000 power output using the BEM and the modified stall model. The simulation results are compared with the improved BEM theory at rated wind speed of 10 m/s and show that the CFD is a good method on aerodynamic investigation of a HAWT blade.
The CFD method has been used by [14] to compute the aerodynamics of HAWT and a VAWT designs for low-cost rural applications. This method has been done in three different phases. In the first phase, a preliminary steady flow field is generated by rotating the turbine at a fixed rotation in the presence of the corresponding free stream wind speed.
Goals and Objectives of the Research
The goal of this numerical study is to analyze the designing of HAWT blade models to optimize wind turbine performance and vibrations in considering maximization of the power produced by a wind turbine and reduction of vibrations of the turbine's drive train and shaft. To achieve this goal, the following objectives were set for the present study: 1) Design a HAWT's blade and entire turbine mechanical system using SolidWorks CAD software;
2) Design two, three, and five bladed HAWT rotor models with high lift force and low drag to minimize the blade's turbulence and vibration;
3) Analyze the rotor moment coefficients and power coefficients using numerical and theoretical method; 4) Compare the numerical results to the theoretical and other research; 5) Investigate the HAWT system vibration using ANSYS Fluent, Structural, and Modal environment.
Turbine Modeling and Simulation
Two, three, and five bladed HAWT rotors have been designed and numerically width from the tip to the root, the blade tends to be thicker than the aerodynamic optimum close to the root, where the stresses due to bending are greatest.
They can also contribute in the creation of blade surface roughness which facilitates the smooth wind flow around the blade surface. This blade was created by modifying the large-scale GE 1.5XLE turbine [14] . The blade made from aluminum and homogenized composite materials were considered during the analysis process. It has a varying thickness and it also has a spar inside the blade for structural rigidity. The blade needs to be designed with an increasing twist angle from the tip to the root because the closer to the tip of the blade the faster the blade is moving through the air and so the apparent wind angle is greater. Figure 1 shows an increasing twist angle from the tip to the root. The final blade geometry was then created using these airfoils and is shown in Figure 2 .
A shaft of 20 cm long and three sections was then deigned, the shaft sections diameters are 0.5 inch, 0.75 inch, and 1 inch respectively from the tip to the root as shown in Figure 3 . Two bearings are attached on the shaft.
The blade was then assembled with the hub and a circular pattern tool of SolidWorks CAD software was applied to create a three bladed HAWT rotor.
The HAWT tower, rotor, shaft, nacelle, gear box, and generator were then assembled using Solid-Works CAD software to create the entire HAWT geometry shown in Figure 4 . A tower of 100 cm long and 6 cm diameter was used during this study.
Rotors Fluid Domains and Mesh
The blade model was imported into ANSYS Design Modeler, and the two, three and five bladed HAWT rotors were created using circular pattern tool of ANSYS Design Modeler as shown in Figure 5 .
Each rotor has a diameter of 87 cm and two fluid domains were then added to all geometries; one is a cylindrical fluid domain of 100 cm diameter rotating around z-axis and is known as rotating domain. The second is a box fluid domain of 140 cm long and 60 cm width is known as stationary far-field fluid domain. The different computational domains are presented in Figure 6 . The medium mesh of the model and fluid domains was generated and the number of nodes and elements are presented in Table 1 . The front view of medium mesh of each HAWT rotor model and fluid domains are shown in Figure 7 .
Entire Fluid Domains and Mesh
The entire HAWT was imported into ANSYS Design Modeler and the wind flow analysis around the whole wind turbine was performed using CFD technique.
The HAWT geometry is shown in Figure 8 .
As mentioned earlier, the first step is to study the wind flow around the whole HAWT, the pressure distributions on the HAWT surfaces will be imported into ANSYS structural environment for farther analyses. The HAWT was enclosed in the far field stationary fluid domain of 140 cm long, 50 cm width, and 200 cm high. The medium mesh of the computational fluid do-main was generated and is shown in Figure 9 as well as the number of nodes and elements. 
Computational Fluid Dynamic (CFD) Method
The shear stress transport (SST) K-turbulence model was used for each model to 
• Specific dissipation rate
• Kinematic eddy viscosity
where P k , F 1 , and F 2 are production limit, first and second bending functions respectively.
The rotor computational domain consists of a rotating zone surrounding the The optimum angle of attack must be maintained during wind turbine operation to maximize the blade efficiency and protect the turbine from vibration due to drag. The lift to drag ratio as function of angle of attack have been investigated during this work using ANSYS FLUENT software and the results are presented in Table 2 . It was notice the current blade design has an optimum angle of attack of 4 degree. The plot of lift to drag ratio is shown in Figure 10 , which shows that a peak of lift to drag ratio of 47% occurs at 4-degree angle of attack which corresponds to the optimum angle of attack of the blade design. This optimum angle of attack was considered during the HAWT blades simulation process.
Mathematical Equations for Theoretical Calculation
The power generated by a cylindrical column of free air moving at a constant speed V is given Equation (4).
where E is the kinetic energy given by:
Substituting Equation (5) into Equation (4), we get:
For constant wind speed, Table 2 . Lift to drag ratio as function of angle of attack. 
Consequently, Equation (6) becomes
If the cross-sectional area of the column of air is A, and its density is ρ, the mass flow rate is given by:
By substituting Equation (9) into Equation (8), we get:
If the diameter of the column of air is D, then
This is the total power available in the wind source.
On the other hand, the power extracted by the wind turbine is given by:
The wind turbine power coefficient When a shaft rotates, it may well go into transverse oscillations and the out of balance forces resulting in centrifugal force will induce the shaft to vibrate.
The centrifugal force is given by the following equation [10] ( ) 
After some algebraic manipulation, we get
where n ω is the shaft natural frequency.
It is noticed that when the shaft rotates at an angular speed equal to the natural frequency of the transverse oscillations, its vibration becomes large and shows up as a whirling of the shaft.
Natural frequency is the number of times a system will oscillate (move back and forth) between its original position and its displaced position, if there is no outside interference. Wind turbine shaft can be regarded as simply supported where the ends are free to rotate normal to the axis, and the frequency of this kind of shaft is given by [16]:
where n is the mode, g is the constant of gravity, E is the Young modulus, I is the moment of inertia, W is the shaft weight, and L is the shaft length.
In the absence of damping, the dynamic character of the blade model can be expressed in matrix form as [16]:
Here K is the stiffness matrix, M is the mass matrix, ω is the angular frequency of vibration for a given mode and V is the mode vector that expresses the corresponding mode shape.
The resolution of this equation is not straight forward due to the complexity of the blade shape and incapability of finding the exact value of K.
Finite Element Modal Analysis of HAWT Rotors and Shaft
The imported pressure distributions for the HAWT rotors are presented in the Table 3 . It can be noticed that the rotor's maxi-mum pressure distributions are located to the blade's tip as expected.
The HAWT rotors included the imported pressure as applied load, a remote displacement at the edges of the blade roots as support, and a rotational velocity of 50 rad/sec. It is assumed that blades are connected to the HAWT hub by applying the remote displacement as support.
The imported moment from ANSYS Fluent to ANSYS structural environment M. Rahman et al. was monitored and used as an applied load during the shaft vibration investigation. The boundary conditions for the shaft included two fix supports applied at the top face of each bearing and a moment of 108.64 N·m corresponding to moment imported from ANSYS Fluent. The modal analysis of HAWT rotors and shaft has been performed using these boundary conditions.
Results and Discussion

Aerodynamic Results of Entire HAWT
The velocity and pressure contours around the entire HAWT are shown in contours are notice on the blades and tower front side.
Aerodynamic Results of HAWT Rotors
The pressure contours around the HAWT blade model are shown in Figure 12 .
The pressure contour near the blade root, blade middle, and blade tip are shown.
The maximum pressure contours are located near the leading edge which is an indication of good blade design. The velocity contours near the blade root, blade middle, and blade tip are shown in Figure 13 . The low flow turbulence is an indication of wind turbine high efficiency. The highest pressure difference is located near the middle of the blade model. The pressure distribution on the three HAWT blade models surface is presented in Figure 14 . The maximum pressure distribution occurs near the leading edge of the blades which will produce high lift force and low drag force which is an indication of high power generation.
Moment and Power Coefficients Results
The The moment coefficients of two, three, and five bladed HAWT rotors at five different inlet wind speeds have been compared and are shown in Figures 16-18 respectively. It can be noticed that the 8 m/s inlet wind speed produced the highest average moment coefficient for all three models. This inlet wind speed can be considered as an optimum wind speed for the models. Figure 19 where they are compared with those of Fei-Bin Hsiao et al. [10] . It is noticed that the three-bladed HAWT rotor attained the highest power coefficients of 0.43192 at 2.8281 tip speed ratio (TSR). It can also be noticed that a high increase of power coefficient with the increase of number of blades from two to three, but the increase of power coefficient with the increase shown in Figures 21-23 respectively. The maximum deflection was notice on the blade tip while the minimum was notice near the root. Also, Table 5 shows the HAWT and shaft natural frequency at different mode shapes. Table 6 shows the two, three, and five bladed rotors natural frequency at different mode shapes. Aluminum alloy and homogenized composite material used in real wind turbine blade were used.
The density and orthopedic properties of GE 1.5 XLE wind turbine were used Boundary conditions for the simulations are taken from experimental data.
These include air velocity inlet speed and corresponding rotational speed of the blades. The pressure outlet is kept at constant atmospheric pressure. The blade walls are given a no slip condition and zero rotational velocity relative to the sliding mesh zone (equal to the rotating fluid domain).
The realizable k-epsilon model is used with the SIMPLE segregated algorithm.
The SIMPLE algorithm uses a relationship between velocity and pressure corrections to enforce mass conservation and to obtain the pressure field (ANSYS Fluent Theory Guide, 2012). For improved accuracy, the double precision option is selected as well as second order upwind based discretization for mean flow, turbulence, and transition equations.
Conclusions
The efficiency of small scale HAWT with various numbers of blades has been investigated in this study and this efficiency is explained by the fact that putting more than three blades on the HAWT rotor will be the waste of material and money while reducing the HAWT performance. An increase of HAWT performance was observed if three bladed HAWT was used instead of two bladed HAWT and the change of performance was relatively low or the same for the five bladed HAWT.
The HAWT vibration is a big challenge on the HAWT performance and the choice of material to use is crucial during the de-sign process. Homogenized composite material has proven the highest performance due to its resistance to wind load. An average natural frequency increase of 41.7%, 31%, and 42.4% was observed for two, three, and five HAWT rotors if the homogenized composite material is used in wind turbine blade instead of aluminum alloy. Homogenization of material can be suggested during the blade design to increase its stiffness and contribute in its wind air resistance and performance.
Aluminum alloy has proven better performance than structural steel material on the HAWT shaft vibration; however, the difference in natural frequency is relatively low. The calculated average natural frequency of 0.3% was observed while the computed value of 0.2% was attained if aluminum alloy material is used instead of structural steel. This can be explained by the highest aluminum young modulus to density ratio compare to that of structural steel material. This quantity was used during the calculation of natural frequencies at different mode shapes. In the paper, the blade was created by modifying the large-scale GE 1.5XLE turbine to enhance the performance of the turbine which is applicable for the real size. But, we made it by this way to suit our laboratory capabilities and equipment. The conclusion obtained in this paper also useful for large scale HAWTs as well. The size of the computational domains is large enough to get these accurate results. The model is not created in the real size to fit our wind tunnel for testing purposes. This work is useful for large scale HAWTs too but within scale. Moreover, this is ingoing work for detailed vibration analysis with the detailed parameters of the blade (chords and twists distributions) and material properties of different parts of the turbine to be published in the next paper.
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